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Abstract 
In this study, hydrodynamics of flow over a super-hydrophobic surface was investigated using Lattice Boltzmann method. Lattice 
Boltzmann method is a meso-level approach, to capture the mico-level details in the flow regime. From the numerical analysis it 
was found that, an effective mixing was induced in the flow domain with the introduction of hydrophobic surfaces in the channel. 
The cross stream velocity fields induced potentially proves its capability to create induced mixing in the channel. The result was 
found to be in fine agreement with the results in the literature. The exceptional capability of reducing the pumping power makes 
this modification more acceptable. 
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1. Introduction 
With the miniaturization of machines and electronic equipment, cooling has become one of the major 
challenges. Microchannel and heat pipe technology are effectively used in modern days to meet these challenges. A 
notable feature common to this micro devices is that they have large surface area to volume ratio. This property of 
these equipments makes them different from macro level flow devices. Since flow through these channels suffers 
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from heavy viscous drag and results in high pumping power. To meet this challenge the idea of coating the channel 
walls by hydrophobic surfaces has been investigated since 2006.  
Choi et al.[1] analyzed the effect of slip in hydrophilic and hydrophobic microchannel. Slip length found to 
vary approximately with shear rate. It was also found that the uncertainty may occur in the experiment due to 
nanometer sized uncertainty in the channel. Tretheway et al.[2] analyzed the effect of slip flow in microchannel. It 
was found that presence of fluid slip at hydrophobic walls resulting in formation of nano-bubbles at the surface. 
 Choi et al.[3] analyzed the effect of slip and friction reduction in nano-grate super-hydrophobic surfaces in 
microchannel and reported greater effect was found when slip is parallel to flow condition than in the parallel 
direction. Nano-grated super hydrophobic surfaces not only reduce friction but also enable control over the slip.  
Davies et al.[4] reported a notable reduction in friction factor and enhancement in friction factor with increase of 
cavity to rib length ratio and with increase of hydraulic diameter of the channel.   
Niu et al.[5] reported a work on thermal LBM model with diffuse scattering. It was concluded that LBM as 
a good tool for predicting micro-fluidic behaviour with thermal effects for low Knudsen number flows. Zade et 
al.[6] studied the effect of variable physical properties on flow and heat transfer characteristics of simultaneously 
developing slip flow in rectangular microchannel was numerically investigated. It was found that even at low 
temperature difference, friction and heat transfer coefficient vary considerably. 
Navid et al.[7] analyzed the effect of wettablity and aspect ratio of rectangular micro channels. It was found 
that with increase of surface wettablity pressure drop in laminar regime found to reduce. Mohammad and Alireza in 
2011 [8] studied on the ability of hydrophobic walls in reducing drag in turbulent channel flow and it was found that 
near the walls turbulence structures are modified with stream wise slip velocity and a noticeable effect on turbulence 
structure when slip length is greater than a certain value.  
Liu and Guo[9] studied pressure driven flow in a long microchannel using LBM. In this work author takes 
into account of gas wall collision effect and reported LBM as a useful tool to capture flow behaviour in transition 
regime. Vishal Anand [10] in 2014 reported a work on slip effect on heat transfer and entropy generation in a 
pressure driven flow in a microchannel. It was found that the thermally fully developed flow with viscous 
dissipation of a non-Newtonian fluid occur through a microchannel and slip parameter only affect the advection of 
fluid momentum and not its diffusion.  
Guillermo et al.[11] found that an optimum value of heat flux that can be applied in the wall of 
microchannel with minimum entropy generation. It was found that an optimum value of both slip length and wall to 
fluid thermal conductivity ratio at which entropy generation become maximum, found to decrease with wall heat 
flux.  Derby et al. [12] analyzed the heat transfer enhancement obtained in a microchannel with hydrophobic and 
hydrophilic patterns. It was reported that 3.2 to 13.4 times rise in condensation in the microchannel walls occur with 
the introduction of hydrophobic walls.  
Tan and Liu[13] reported a work on flow and heat transfer in microchannel. The effect of electric potential 
and slip flow in heat transfer in microchannel was studied. It was found that streaming potential affect the flow and 
decreases the heat transfer rate while wall slip effect tends to increase the flow velocity and enhances the heat 
transfer.  
Wang et al. [14] reported an effective boundary condition called Immersed boundary Lattice Boltzmann 
method (IBLBM). It was found that conventional no-slip boundary condition cannot fully implement flow properties 
and some stream lines enter solid boundary. This drawback is overcome in this method by modifying flow velocity 
at boundary dependent points. 
Ranjith et al.[15] analyzed hydrodynamics of flow through two dimensional parallel plate microchannel 
with periodic hydrophobic strips using dissipative particle dynamics. Symmetric and anti-symmetric strips were 
analyzed and it was found that anti-symmetric strips cause a finite velocity component towards center of the 
channel. This cross stream velocity field generated enhances mixing in micro channels. Sharafatmandjoor et al. [16] 
presented a scheme to implement no slip boundary condition. It was found that the method proposed present a faster 
solution procedure in comparison with bounce back scheme. Arash[17] used specular reflective bounce back for the 
simulation of slip condition at the boundary. Benzi[18] analyzed the hydrodynamic characteristics’ of flow over 
hydrophobic using  Lattice Boltzmann method. 
 
From the preceding literatures it was found that, with the introduction of hydrophobic walls, the pressure drop 
reduces and with an increase in heat transfer enhancement in the channel. It was also found that this effect is 
414   Jubin V. Jose and Pradeep M. Kamath /  Procedia Technology  24 ( 2016 )  412 – 419 
signifi
the flo
 
Nome
2. Com
The
consta
numer
 
 
 
     
 
 
 
in the 
cant only at low
w regime, when
nclature  
f Di
feq Eq
 Co
c Ve
ȡ De
u Fl
Ȧ Co
 Re
P  Dy
wi W
cs sp
ck un
r Ac
 
putational Do
 computational
nt velocity bou
ical analysis of
   
In the numer
hydrophobic re
 
 
 
 
 
 
 
 
 
 Reynolds nu
 flow suddenly
stribution funct
uilibrium distri
llision operator
locity of partic
nsity 
ow velocity 
llision frequen
laxation factor
namic viscosit
eighing factor
eed of sound 
it vector along 
commodation 
main 
 domain taken 
ndary condition
 plane Poiseuill
ical analysis of
gion as shown i
Fig
mbers. This wo
 change from n
ion 
bution function
 
le 
cy 
y 
the streaming d
coefficient 
for analysis in t
 is given and at
e flow at the w
Fig.1 Schematic 
 channel with h
n figure 2. 
. 2 Schematic diag
rk aims to inve
o-slip to slip co
 
irection 
he case of simp
 outlet open to 
alls conventiona
 
diagram of channel
 
ydrophobic wa
 
ram of channel with
stigate the indu
ndition and vic
le channel is as
atmosphere bou
l no slip bound
 for plane Poiseuill
lls, no slip boun
 hydrophobic wall
ced momentum
e versa. 
 shown in figur
ndary conditio
ary is impleme
e flow 
dary is replace
 
 mixing cause
e 1. At the inle
n is given. In th
nted.  
d by slip bound
d in 
t 
e 
ary 
415 Jubin V. Jose and Pradeep M. Kamath /  Procedia Technology  24 ( 2016 )  412 – 419 
3.Ma
3.1 La
I
achie
Boltz
 
f is th
the B
Appro
Wher
Boltz
When
The l
solve
a diff
 
3.2 La
Sever
D2Q4
D2Q9
veloc
c(1,0)
dimen
 
 
 
 
 
thematical for
ttice Boltzman
t is a meso lev
ved through p
mann transport 
e distribution f
oltzmann equ
ximation. Coll
e Ȧ is the col
mann equation 
 the equation is
ocal equilibriu
d.The flexibility
erent equilibriu
ttice arrangem
al lattice arran
, D2Q5 and D
 must be used
ity vector mode
, c(0,1), c(-1,0)
sional model D
mulation 
n method 
el approach w
article streamin
equation. For a
unction and  
ation.  Boltzm
ision operator 
lision frequenc
(without extern
 discretized, it 
if
m distribution 
 of this equatio
m distribution f
ents 
gements are av
2Q9 lattice arr
. The two dim
l).It has nine v
, c(0,-1), c(1,1)
2Q9 is shown 
F
orking on pseu
g and collisio
 system withou
is the collision 
ann Equation 
 as per BGKW
Z:  
y and Ĳ is the
al forces) can b
f
t
w
w
will take the for
,ir c t t'  '
function with 
n lies in its sim
unction and sou
ailable to solv
angements, from
ensional proble
elocity vectors 
, c(-1,-1), c(1,-
in figure 3. 
ig. 3. Two Dimen
do particle mo
n of pseudo p
t any external f
.f c f
t
w    
w
operator, a func
is incorporate
 expansion is g
 1eqf f W  
1Z
W
   
 relaxation tim
e approximated
1.c f W   
m 
  ,it f r t 
a relaxation tim
plicity and can
rce term (exter
e two dimensi
 the literature
m analyzed is 
with the centra
1) and c(-1,1) f
sional D2Q9 model
 
del. The exch
articles. This 
orce the Boltzm
:                   
tion of f. Both 
d with BGKW
iven below. 
 eqf f     
                        
e. After introd
 as, 
eqf f       
 ,eqi
t f r t
W
' ª¬
e determines 
 be applied for 
nal force).  
onal problem u
s it is found th
solved using D
l particle speed
or f0, f1, f2, f3, f
 taken for analysis
ange of momen
process can b
ann equation c
                         
are need to be 
 (Bhatnagar, 
                        
                         
ucing BGKW 
                         
  ,if r t º ¼   
the type of pro
many physics b
sing Lattice B
at for the simu
2Q9 model (2
 being zero. Th
4, f5, f6, f7 and 
tum and energ
e modelled by
an be written as
                        
determined to s
Gross and Kr
                        
                        
approximation
                        
                        
blem needed t
y simply specif
oltzmann inclu
lation of fluid 
 dimensional a
e speeds are c(
f8 respectively. 
y is 
 the 
, 
   (1) 
olve 
ook) 
   (2) 
   (3) 
, the 
   (4) 
   (5) 
o be 
ying 
ding 
flow 
nd 9 
0,0), 
Two 
 
 
 
 
416   Jubin V. Jose and Pradeep M. Kamath /  Procedia Technology  24 ( 2016 )  412 – 419 
3.3 Equilibrium distribution function 
The key element in applying LBM for different problems is the equilibrium distribution function,  f eq. The 
procedure of solving diffusion, advection and diffusion, momentum, and energy equations is the same. The only 
difference is the selection of equilibrium distribution function. Equilibrium distribution function for isothermal fluid 
flow problem is given below 
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For D2Q9 model                                                                                                  (7) 
 
 
 
Unit vector in flow direction                                                                                                          (8) 
 
 
3.4 Boundary conditions for fluid flow simulation 
 
3.4.1 Bounce back boundary condition 
Bounce back boundary condition is used to model nonslip condition. Method is quite simple and implies that an 
incoming particle towards the solid boundary bounces back into flow domain. Wall is at half the distance from the 
lattice sites, as shown in figure 4, distribution functions, f4, f7 and f8 are known from streaming process. It is 
assumed that when these known distribution functions hit the wall it bounces back to the solution domain. 
Thereforef5 = f7, f2= f4 and f6 = f8 this boundary condition must be applied after streaming process. 
 
 
 
 
 
 
 
 
Fig.4 Bounce back boundary 
 
The bounce back ensures conservation of mass and momentum at the boundary. 
 
3.4.2 Specular Reflective Bounce Back 
For the simulation of slip boundary condition at the channel walls conventional bounce back boundary 
condition was no longer useful. It was replaced by a combined bounce back and specular boundary condition called 
as Specular Reflective Bounce Back reference Arash[17]. With reference to the D2Q9 model for two dimensional 
simulation, so as to implement slip boundary at the wall the following boundary condition is used 
f2 = f4 
f5 = x f7 + ( 1 – x ) f8 
f6 = x f8 + ( 1 - x ) f7 
 
The x is called as the accommodation coefficient, value of x decides the degree of slip in the wall and value 
of x varies from 0 to 1. For x=0 the boundary condition is purely specular, while x=1 is the pure bounce back 
boundary. In LBM we can model flow with increasing slip and decreasing slip at the boundary of hydrophilic and 
hydrophobic surface so as to model the actual phenomenon of gradual transmission from no-slip condition to slip 
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